Identification of units within species worthy of separate management consideration is an important area within conservation. Mitochondrial DNA (mtDNA) surveys can potentially contribute to this by identifying phylogenetic and population structure below the species level. The American crocodile (Crocodylus acutus) is broadly distributed throughout the Neotropics. Its numbers have been reduced severely with the species threatened throughout much of its distribution. In Colombia, the release of individuals from commercial captive populations has emerged as a possible conservation strategy that could contribute to species recovery. However, no studies have addressed levels of genetic differentiation or diversity within C. acutus in Colombia, thus complicating conservation and management decisions. Here, sequence variation was studied in mtDNA cytochrome b and cytochrome oxidase I gene sequences in three Colombian captive populations of C. acutus. Two distinct lineages were identified: C. acutus-I, corresponding to haplotypes from Colombia and closely related Central American haplotypes; and C. acutus-II, corresponding to all remaining haplotypes from Colombia. Comparison with findings from other studies indicates the presence of a single "northern" lineage (corresponding to C. acutus-I) distributed from North America (southern Florida), through Central America and into northern South America. The absence of C. acutus-II haplotypes from North and Central America indicates that the C. acutus-II lineage probably represents a separate South American lineage. There appears to be sufficient divergence between lineages to suggest that they could represent two distinct evolutionary units. We suggest that this differentiation needs to be recognized for conservation purposes because it clearly contributes to the overall genetic diversity of the species. All Colombian captive populations included in this study contained a mixture of representatives of both lineages. As such, we recommend against the use of captive-bred individuals for conservation strategies until further genetic information is available.
Introduction
The application of mitochondrial DNA (mtDNA) analyses has provided unique insights into population differentiation and causes of genetic diversity below the level of the species (Avise 2000) . Such analyses are also useful in species conservation, where they can potentially contribute to the identification of phylogenetic, population or other evolutionary significant units (ESUs; Moritz 1994b; Crandall et al. 2000; Ryder 1986; Vogler and DeSalle 1994) worthy of separate management consideration. Although the specific criteria for delimiting ESUs are widely debated (for a review, see Fraser and Bernatchez 2001) , the basic principle is to identify units that, due to their reproductive or historical isolation from other populations, contribute substantially to the overall evolutionary history of the species (Moritz 2002; Avise 2005) . Identification of genetic diversity relevant to species conservation is particularly necessary for developing conservation programs for threatened and managed species (Moritz 1999; Storfer 1999) . Knowledge of genetic diversity and structure can help identify the most closely related populations or individuals for use in translocation and augmentation programs. Furthermore, examination of the genetic composition of existing captive breeding populations can help guide management practices for maintaining the genetic integrity of distinct genetic groups in captivity as well as assessing the suitability of captive individuals for population recovery and conservation strategies (e.g., Ruokonen et al. 2000; Burns et al. 2003; Gaur et al. 2006; Ramirez et al. 2006; Russello et al. 2007; Beauclerc et al. 2010; McGreevy et al. 2011; Rold an et al. 2011; Benavides et al. 2012; Meraner et al. 2014) .
The American crocodile, Crocodylus acutus Cuvier, 1807, is a widely distributed species, being found from North America (southern Florida) to northern South America, as well as the Caribbean islands (Thorbjarnarson 2010) . The species has suffered severe population declines throughout much of its distribution (Thorbjarnarson et al. 2006) and as a result is listed as vulnerable by the International Union for Conservation of Nature and Natural Resources (IUCN) and included in Appendix I of the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) (except for the population of Cuba, which is included in Appendix II). While national and international trade restrictions have allowed population recovery in some parts of the species' distribution, in other parts, populations remain small and threatened (e.g., Colombia, Ecuador, Jamaica) (Thorbjarnarson et al. 2006) . Population recovery has been aided by the establishment of regulated commercial exploitation (registered under CITES) of closely managed commercial farm populations (Thorbjarnarson et al. 2006) . As populations of the American crocodile continue to be threatened in the wild, there is increasing interest in the use of captivebred individuals for reintroduction and reinforcement programs in order to prevent local population extinction.
In Colombia, commercial hunting during the first half of the last century reduced numbers of C. acutus greatly (Medem 1981) . In spite of a ban on commercial hunting in 1968, recovery has been limited resulting in the survival of population relicts throughout its former distribution (Castaño-Mora 2002) . Subsequent censuses and monitoring in 1994 and 1997 indicated the precarious state of this species in Colombia and the need for continued action to prevent local extinction (Castaño-Mora 2002 and references therein). Despite its continued threatened status in Colombia, there exist many thousands of individuals in captivity on commercial crocodile farms within the country. The founder base of these captive populations includes animals caught in Colombia under collecting permits authorized by the corresponding national authority and animals of unknown geographical origin confiscated by local authorities in Colombian territory (records Ministerio de Ambiente y Desarrollo Sostenible, Colombia). Descendants of these animals now represent the major part of the captive breeding population in Colombia. National legislation requires that a percentage of the descendants of these captive populations be returned to the wild as compensation. However, uncertainty regarding genetic relationships in C. acutus raises the possibility that management plans may not adequately take into account actual patterns of genetic diversity within the species.
In spite of its large geographical distribution and threatened status, limited genetic data from throughout the species' range have been published. While most genetic studies of C. acutus have been limited to local population-level descriptions of genetic diversity and structure as well as interspecific hybridization (e.g., Ray et al. 2004; Cedeño-V azquez et al. 2008; Porras Murillo et al. 2008; Rodriguez et al. 2008 Rodriguez et al. , 2011 Weaver et al. 2008) , few have addressed patterns of phylogenetic structure throughout the species' distributional range. Mili an-Garc ıa et al. (2011) analysed mtDNA sequence (complete cyt b and partial COI) and microsatellite DNA in individuals of C. acutus from localities from the Caribbean islands (including Cuba) and Central America (Costa Rica and Panama). Taxonomically, analyses supported the designation of Central American C. acutus but not Cuban C. acutus, the latter exhibiting greater genetic similarity to Crocodylus rhombifer from Cuba. Moreover, these findings supported the recognition of a single mtDNA lineage in C. acutus. Rodriguez et al. (2011) compared partial mtDNA control region sequence of C. acutus from localities across Florida with sequences published for individuals from Costa Rica, Mexico, Belize and Jamaica. Like the study of Mili an-Garc ıa et al. (2011), analyses supported the existence of a single C. acutus mtDNA lineage Oaks (2011) , however, in a study of phylogenetic relationships within the genus based on substantially more sequence data, provided evidence of two mtDNA lineages in C. acutus. Unfortunately, the samples of C. acutus used in Oaks (2011) came from individuals of unknown geographical origin from different captive collections in North America (LSU Museum of Natural Science: C. Austin, pers. comm.). The lack of sufficient genetic data from throughout the distributional range of C. acutus and/or uncertainty regarding the geographical origin of samples included means that the actual extent of genetic diversity and structure in this species is still difficult to assess.
This study was primarily motivated by the need to establish patterns of genetic diversity within captive populations of C. acutus in Colombia to underpin conservation and management decisions at a national level. The current study of genetic diversity aimed to: (1) examine genetic diversity within commercial captive breeding populations in Colombia and (2) determine the phylogenetic relationships of C. acutus haplotypes sampled in this study in relation to other populations.
Materials and Methods

Samples and DNA isolation
Samples (blood or tissue) were obtained from 40 individuals of C. acutus (Fig. 1) held on three different commercial crocodile farms (or holding facilities) located in the departments of Atl antico and Bol ıvar in the Caribbean coastal region of Colombia. Three specimens corresponded to wild-caught, captive-held individuals (taken previously from the wild), and 37 corresponded to captive-bred individuals (descendants of the original founder population). The founder base of the three captive populations included animals caught under collecting permits in different localities in the adjoining departments of Magdalena and Atl antico in the Caribbean coastal region of Colombia as well as animals (previously held at Barranquilla Zoo, department of Atl antico) of unknown geographical origin confiscated by local authorities within Colombian territory. Tissue or blood samples were stored in absolute ethanol until further analysis. Total genomic DNA was isolated using proteinase K digestion and silica/ guanidinium thiocyanate extraction. Full details of DNA extraction are contained Appendix S1.
DNA amplification and sequencing
Sequence variation was examined in complete mtDNA cytochrome b (cyt b) and cytochrome oxidase I (COI) gene sequences. The cyt b gene was amplified using primers Croc_GluL2 (5 0 -AAT TCC CAT TAT TCT CAC TTG G-3 0 ) and Croc_ThrH2 (5 0 -TTG GGA AGG TGT GTG TAT TCC-3 0 ), and the COI gene amplified using primers
Croc_CysL1 (5 0 -CGA GTT TGC AGT TCG TCG TG-3 0 ) and Croc_SerH1 (5 0 -AGC ATG TCG TAT TGC GGT TG-3 0 ). All primers were designed for this study. Full details of primer design are contained in Appendix S1. Polymerase chain reactions (PCRs) were carried out in a reaction volume of 30 lL containing 1 9 PCR buffer [75 mmol/L Tris-HCl, 20 mmol/L (NH 4 ) 2 SO 4 , 0.01% (v/v) Tween 20; Fermentas], 2.0 mmol/L MgCl 2 , 0.1 mmol/L of each dNTP, 0.75 U Taq polymerase (Fermentas), and 0.1 lmol/L of each primer. After an initial denaturation step of 2 min at 94°C, 34 cycles of 30 sec at 94°C, 30 sec at 55°C, and 2 min at 72°C were followed by a final extension of 72°C for 10 min. Removal of unincorporated primer and dNTPs was achieved using ethanol precipitation. Purified PCR products were sequenced using BigDye (Applied Biosystems, Foster City, CA 94404, USA) cycle sequencing reactions with the same primers used for PCR amplification and the resultant reaction products run on an ABI 3500 Genetic Analyzer automated sequencer (Applied Biosytems). Resulting sequence traces were assembled and edited using the program CodonCode Aligner ver. 4.2 (CodonCode Corporation; www.codoncode.com). This resulted in 1200 bp of complete cyt b gene sequence and 1557 bp of complete COI gene sequence for all individuals. Sequences have been added to GenBank under accession numbers KF273842-KF273849 for cyt b and KF273834-KF273841 for COI.
Data analyses
Complete gene sequences were aligned using "Clustal W" (Thompson et al. 1994) as implemented within the program BioEdit ver. 7.0 (Hall 1999) and translated into amino acid sequences using the program MEGA ver. 5 (Tamura et al. 2011) to check for the presence of premature stop codons. There were no premature stop codons, insertions, or deletions, and therefore pseudogenes were not suspected. The two gene sequences were combined for subsequent analyses.
Phylogenetic relationships among sequences were estimated using Bayesian phylogenetic analysis (BY) and maximum parsimony (MP) to provide an alternative approach (see Simmons and Miya 2004; Lewis et al. 2005) . For the BY analysis, the aligned full-length gene sequence dataset obtained from C. acutus in this study (hereinafter referred to as Colombia-only dataset) was partitioned into three partitioning schemes: (1) combined gene sequences, (2) gene sequences separated, and (3) separate partitions for codon positions 1 and 2 (cp 1 + 2) and codon position 3 (cp3). The most appropriate model of sequence evolution was selected for each partitioning scheme using the Bayesian Information Criterion (BIC) as performed in jModelTest 2 (Darriba et al. 2012) . BY analyses (parameters unlinked) were performed in MrBayes ver. 3.2.1 (Ronquist et al. 2012) . Two MCMC samplers were run in parallel (four chains each, temperature parameter set at 0.5) starting from a random tree, using 2.0 9 10 6 generations (samples recorded every 100 generations) with the first 200,000 generations of each run discarded as burn-in. Convergence was established using the program Tracer ver. 1.4 (Rambaut and Drummond 2007) . MP analyses (unweighted) were performed in PAUP* ver. 4.0b10 (Swofford 1998 ) with 1000 bootstrap samples from the sequence data (heuristic search, 10 random addition replicates). Analyses included Crocodylus moreletii as an outgroup (GenBank accession number: HQ585889; Meganathan et al. 2011) . Relationships among sequences were also estimated by an unrooted parsimony network based on a statistical parsimony procedure (Templeton et al. 1992 ) using the 95% probability of parsimony criterion to connect sequences using the program TCS ver. 1.21 (Clement et al. 2000) . This procedure is based on the probability that only a single mutation occurs where there is a nucleotide difference between sequences (as opposed to multiple mutations at the site).
To understand better the phylogenetic relationships of C. acutus haplotypes sampled in this study in relation to other populations, analyses were performed that included complete cyt b and partial COI sequence data from C. acutus from Central America (Panama and Costa Rica) and Cuba as well as sequences from C. rombifer from Cuba (hereinafter referred to as C. acutus-extended dataset) reported by Mili an-Garc ıa et al. (2011) (Appendix S2). Two of the sequences included correspond to individuals reported to be hybrids of C. acutus/C. rombifer. Finally, a third phylogenetic analysis was performed that included partial cyt b sequence data from Oaks (2011) corresponding to individuals of C. acutus from different captive collections in North America (St. Augustine Alligator Farm Zoological Park, Bronx Zoo, Atlanta Zoo and Silver Springs State Park; LSU Museum of Natural Science: C. Austin, pers. comm.).
Results
Sequence variation and genetic diversity
The Colombia-only dataset contained ten variable sites (nine parsimony informative) in the cyt b sequence and eight variable sites (eight parsimony informative) in the COI sequence. The combined gene sequences resulted in eight distinct haplotypes within C. acutus sampled in this study (Table 1) . Uncorrected sequence divergence among sequences was 0.0-0.8% for cyt b 0.0-0.4% for COI.
The C. acutus-extended dataset contained 79 variable sites (78 parsimony informative) in the cyt b sequence and 29 variable sites (28 parsimony informative) in the partial COI gene sequence (not shown), excluding outgroup taxa. The combined gene sequences resulted in seven distinct haplotypes within C. acutus sampled in this study and four within C. acutus included from Central America. None of the haplotypes detected in C. acutus sampled in this study were shared with sequences included from Central America. Uncorrected sequence divergence among C. acutus haplotypes sampled in this study was 0.0-0.8% for cyt b and 0.0-0.1% for COI. Uncorrected sequence divergence among Central America/Colombia C. acutus haplotypes was relatively low: 0.0-0.8% sequence divergence in cyt b and 0.0-0.4% divergence in COI. Divergence between C. acutus haplotypes from Central America/Colombia and Cuba was much greater (uncorrected cyt b: 5.4-5.7%, COI: 4.6-4.8%) and similar to that between C. acutus haplotypes from Central America/Colombia and C. rombifer (uncorrected cyt b: 5.2-5.7%, COI: 4.9-5.1%). Divergence between C. rombifer haplotypes and C. acutus haplotypes from Cuba was relatively low (0.5-0.9% sequence divergence in cyt b and 0.4-0.4% divergence in COI) and similar to that among C. acutus from Central America and Colombia.
Phylogenetic analyses
For the Colombia-only dataset, jModelTest 2 indicated that the best model of DNA substitution was the HKY model for the combined mtDNA gene sequences (partition scheme [1]) and for each mtDNA gene sequence (partition scheme [2] ). The best models of DNA substitution for codon positions (partition scheme [3]) were HKY for cp1 + 2 and GTR + G for cp3. The BY and MP trees recovered two well-supported groupings (hereinafter referred to as haplogroups I and II) within Colombian captive C. acutus (Fig. 2) . The unrooted parsimony network (not shown) revealed that at least 11 mutational steps separate haplogroups I and II. Differentiation is generally low among the remaining haplotypes (two mutational steps between neighboring haplotypes). For the C. acutus-extended dataset, jModelTest 2 indicated that the best model of DNA substitution was the HKY + I model for all partitioning schemes, except for the cyt b gene sequence in partition scheme (2) where jModelTest 2 indicated that the best model of DNA substitution was HKY + G. The three different partitioning schemes did not affect the topologies considerably. The BY and MP trees both recovered two main clades: clade I, corresponding to C. acutus from Central America and Colombian captive populations; and clade II, corresponding to C. acutus from Cuba and C. rombifer (Fig. 3) . Individuals of C. acutus from Cuba are clearly divergent from C. acutus from Central America and Colombian captive populations, being more closely related to C. rombifer. Depending on the analysis (BY or MP), Central American haplotypes grouped either with haplogroup I or haplogroup II to form two separate mtDNA lineages (C. acutus-I and C. acutus-II; Fig 3) . As can be seen in the unrooted parsimony network constructed among C. acutus from Colombian captive populations and Central America (Fig. 4) , two alternatively parsimonious pathways connect the two haplogroups resulting in a closed loop. The unrooted parsimony network reveals that at least three mutational steps separate haplogroup I from Central American haplotypes while haplogroup II is separated from Central American haplotypes by at least six mutational steps. These differences clearly support the phylogenetic grouping of Central American haplotypes with haplogroup I.
When analyses included published C. acutus cyt b sequence data from Oaks (2011) , sequences either formed part of the C. acutus-I lineage or C. acutus-II lineage identified in this study. Only two of the haplotypes (Cac04 and Cac05) found in Colombian captive populations were identical to haplotypes reported by Oaks (2011) .
Discussion
The inferences made here are based on mtDNA sequences alone and so may not accurately describe the complete evolutionary history of the species. However, the present analyses strongly indicate that C. acutus from Cuba lies outside the clade containing C. acutus from Central America and this study, forming together with C. rombifer a sister clade relative to the Central America/Colombia C. acutus clade. This relationship is in agreement with that previously interest and raises the question of whether it should be included within C. acutus or not. Within C. acutus from Central America and Colombian captive populations, two distinct mDNA lineages were identified (C. acutus-I and C. acutus-II): C. acutus-I formed from previously published haplotypes sampled from Central America and closely related haplotypes from Colombian captive populations, while C. acutus-II formed from all remaining haplotypes detected in Colombian captive populations. The relationships within C. acutus from Colombian captive populations and Central America are difficult to resolve, but given the intraspecific network the reason is apparent: both Central American and closely related haplotypes from Colombian captive populations are separated from haplogroup II by a similar number of mutational steps. This similarity may help explain the aforementioned ambiguity with regard to the relationships within C. acutus from Central America and Colombian captive populations. However, independent of which of the two alternative mutational pathways is chosen, haplotypes Cac07 and Cac08 (corresponding to haplogroup I) from Colombian captive populations are clearly divergent from haplotypes from haplogroup II, being more closely related to haplotypes from Central America. The mtDNA lineages C. acutus-I and C. acutus-II detected here clearly correspond to the two evolutionary lineages previously recovered by Oaks (2011) based on a much larger sequence dataset. However, unlike the study of Oaks (2011) , this study allows speculation on possible geographical distributions of the two lineages (see below).
The geographical distributions of C. acutus-I and C. acutus-II lineages are not easy to assess in this study due to a lack of information regarding the geographical origin of all individuals used to found the Colombian captive population and an absence of genetic information from other parts of the species' range. However, we suggest that the current genetic diversity detected in Colombian captive populations of C. acutus most likely reflects phylogeographic structure within the species. Both haplogroup I and Central American haplotypes clearly form part of the same evolutionary unit (designated C. acutus-I in this study). The close phylogenetic relatedness of haplotypes from haplogroup I to Central American haplotypes suggests that the former grouping most likely originates from geographical populations in northwestern Colombia. Further clues exist as to the possible spatial distribution of the C. acutus-I lineage. Rodriguez et al. (2011) compared partial mtDNA control region sequence of C. acutus from localities across Florida with sequences published for individuals from Costa Rica, Mexico, Belize and Jamaica (differing gene fragments meant they were not included in this study). Analyses supported the presence of a single evolutionary unit. Given the findings of this study, this raises the possibility of a single "northern" evolutionary unit (corresponding to C. acutus-I recovered here) that extends from North America (southern Florida), through Central America and into northern South America. The apparent absence of haplotypes from the C. acutus-II lineage in North and Central America suggests that the C. acutus-II lineage could represent a separate evolutionary unit restricted to South America. Owing to the lack of genetic data from other parts of the species' range it is not possible to determine the geographical limits of these evolutionary units or whether they are geographically overlapping or not. Clearly, analysis of populations from throughout the species distribution (particularly from South America) is required if actual genetic relationships among populations and patterns of distribution of genetic diversity within C. acutus are to be understood.
The lack of overall rate heterogeneity within the Colombia/Central America clade makes it possible to obtain broad estimates of their divergence time. A study on related Crocodylus species provided convincing interand intraspecific calibrations of a molecular clock (Oaks 2011) . We calibrated cyt b sequences [corresponding to the fragment used in Oaks (2011) ] by calculating the sequence divergence between C. acutus and Crocodylus intermedius clades reported in Oaks (2011) . This suggests that the main cladogenesis event in the Central America/ Colombia clade occurred about 0.56-0.62 myr (extreme estimates: 0.56-0.87 myr).
Implications for conservation and management
In many analyses of mtDNA within species, molecular phylogenies can be used to identify phylogenetic and population structure below the species level worthy of separate conservation management (Avise 2005) . In this study, results support the presence of at least two mtDNA lineages within C. acutus (C. acutus-I and C. acutus-II) which could form the basis for the designation of separate ESUs. The confirmation of similar differentiation between mtDNA lineages in nuclear markers would provide strong support for ESU status (Ryder 1986; Moritz 1994a,b) .
There is no theoretical or empirical standard for setting levels of sequence divergence beyond which phylogenetic units should be recognized as distinct ESUs, although comparisons between levels of divergence within and among related species may provide an empirical guide. A study on the congeneric species C. rombifer would seem to support the idea of separate ESU status for the two mtDNA lineages detected in C. acutus. This species contains two mtDNA lineages [C. rhombifer-a and C. rhombifer-b; sensu Weaver et al. (2008) ] with sequence divergence of 0.9% based on cyt b. Microsatellite DNA analyses confirmed differentiation between C. rhombifer-a and C. rhombifer-b, providing strong support for ESU status (Weaver et al. 2008; Mili an-Garc ıa et al. 2011) . Similar levels of mtDNA divergence for the same gene (albeit for a longer sequence fragment) between C. acutus-I and C. acutus-II (0.8% cyt b) would seem to raise the possibility of similar differentiation at microsatellite DNA and support the use of ESU status for C. acutus-I and C. acutus-II. However, any consideration of possible ESU status for the two mtDNA lineages within C. acutus would also need to include information on the geographical distributions of the two lineages.
An important finding of this study is the presence of two mtDNA lineages within the Colombian captive populations of C. acutus analysed. This pattern most likely results from historical stocking practices (which may have involved mixtures of individuals from separate geographical localities within Colombia). Although the use of mixed stocks for reintroductions and/or population augmentation is typically discouraged by conservation managers due to concerns of outbreeding depression (Templeton et al. 1986; Edmands 2007) , it does have the potential advantage of reversing the adverse effects of inbreeding depression by increasing genetic diversity of inbred populations (Moritz 1999; Tallmon et al. 2004; Edmands 2007; Frankham et al. 2011) . The decision to use mixed stocks in conservation strategies should be based on a balance between the concerns of inbreeding depression and outbreeding depression. If inbreeding depression is not of immediate concern, it would seem prudent to avoid the use of genetically mixed stocks for conservation purposes and maintain the genetic integrity of distinct phylogenetic units within the species.
The effect of crossing distinct mtDNA lineages on fitness has never been addressed in crocodiles. However, interspecific hybridization has been reported between numerous Crocodylus species (Fitzsimmons et al. 2002; Cedeño-V azquez et al. 2008; Rodriguez et al. 2011; Tabora et al. 2012 ), apparently without negative consequences to hybrid individuals. Although the potential for reduced fitness due to outbreeding depression cannot be excluded completely, the apparent lack of adverse consequences to interspecific hybrids suggests that concerns of outbreeding depression within C. acutus should be minimal. Independent of the possible concerns of outbreeding depression related to the crossing of C. acutus mtDNA lineages, we suggest that this differentiation needs to be taken into account for conservation purposes because it clearly contributes to the overall genetic diversity of the species. Given historical stocking and management practices, the mixed stock structure detected in this study is likely to be a common feature of the commercial captive breeding population in Colombia. As such, it would seem prudent to avoid the use of captive-bred individuals in reintroduction or augmentation programs if conservation planning for C. acutus is to protect distinct evolutionary units, or at least until further and more conclusive genetic information is available.
Although preliminary, results of the current study are important to ongoing conservation and genetic management programs for the species, both locally and throughout the species distribution. This study provides an important step in the description of genetic diversity relevant to conservation efforts and genetic management of this species in Colombia.
